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VWUXFWXUDO LQWHJULW\RI WKH539 LQ DSUHVVXUL]HGZDWHU UHDFWRU LVSRVHGE\SUHVVXUL]HG WKHUPDO VKRFN 376%RWK
SUREDELOLVWLFDQGGHWHUPLQLVWLFDQDO\VLVPHWKRGVDUHXVHGLQVWUXFWXUDO LQWHJULW\DVVHVVPHQWRI WKH539XQGHU376
>@
,Q WKHGHWHUPLQLVWLF DQDO\VLV >@ WKH DVVHVVPHQW RI LQWHJULW\ DFFRUGLQJ WR WKH OLQHDU HODVWLF IUDFWXUHPHFKDQLFV
SULQFLSOH LVFDUULHGRXWE\FRPSDULQJWKHVWUHVV LQWHQVLW\IDFWRU6,)K,ZLWKWKHIUDFWXUH WRXJKQHVVK,F7KH6,)V
DORQJWKHFUDFNWLSFDQEHHYDOXDWHGIRUWKHDQDO\]HG376WUDQVLHQWV7KHIUDFWXUHWRXJKQHVVFXUYHVZLWKFUDFNWLS
WHPSHUDWXUHK,FTDUHXVXDOO\IL[HGZLWKDUHIHUHQFHWUDQVLWLRQWHPSHUDWXUHTUHI,QWKH$60(DSSURDFKWKHUHIHUHQFH
WUDQVLWLRQWHPSHUDWXUHLVGHILQHGDV571'7UHIHUHQFHWHPSHUDWXUHIRUQLOGXFWLOLW\WUDQVLWLRQ>@7KHQDPD[LPXP
DOORZDEOH WUDQVLWLRQ WHPSHUDWXUH a1'757 IRU WKH376 WUDQVLHQW FRUUHVSRQGV WR WKH IUDFWXUH WRXJKQHVV FXUYH VKLIWHG
KRUL]RQWDOO\ XS WR WKH SRLQWZKHUH LW LQWHUVHFWV UHODWLYH WR WKHPD[LPXP YDOXH RIK, GXULQJ WKH 376 HYHQW 7KH
GLIIHUHQFHEHWZHHQ a1'757 DQG571'7RI539PDWHULDOGHWHUPLQHVWKHVDIHW\PDUJLQǻTPZKLFKVKRXOGODUJHUWKDQ
RUHTXDOWR]HUR
7KH FRQGLWLRQDO SUREDELOLW\ RQ WKH SUREDELOLVWLF IUDFWXUH PHFKDQLFV DQDO\VLV LV REWDLQHG E\ 0RQWH &DUOR
VLPXODWLRQZKHUHVRPHLQSXWSDUDPHWHUVDUHUHJDUGHGDVUDQGRPYDULDEOHVVXFKDVIUDFWXUHWRXJKQHVVFUDFNVL]H
QHXWURQIOXHQFHHWF>@&RPSDULVRQVEHWZHHQWKHFRQGLWLRQDOSUREDELOLW\DQGWKHWHPSHUDWXUHPDUJLQDUHPDGH
IRUVRPHW\SLFDO376WUDQVLHQWV)URPWKHDQDO\VLVDJRRGFRUUHODWLRQEHWZHHQWKHFRQGLWLRQDOSUREDELOLW\DQGWKH
WHPSHUDWXUHPDUJLQLVREWDLQHG
$QDO\VLV$SSURDFKHV
2.1. Deterministic approach 
)RU WKH DVVHVVPHQW RI 539 LQWHJULW\ WKH GHWHUPLQLVWLF DSSURDFK LV XVXDOO\ EDVHG RQ OLQHDU HODVWLF IUDFWXUH
PHFKDQLFV /()0 7KH IUDFWXUH WRXJKQHVV YDOXH WDNLQJ LQWR DFFRXQW UDGLDWLRQ HPEULWWOHPHQW ,FK  LV FRPSDUHG
ZLWKWKHDSSOLHG6,) ,K DWWKHWLSRIWKHIODZV7KHFUDFNLQLWLDWLRQFULWHULRQFDQWKHQEHZULWWHQDV
,F, KK t   
WKHQWKHVDIHW\PDUJLQRIIUDFWXUHWRXJKQHVVLVWKHGLIIHUHQFHEHWZHHQ ,FK DQG ,K 
+RZHYHU LW LV GLIILFXOW WRPHDVXUH IUDFWXUH WRXJKQHVV GLUHFWO\ HVSHFLDOO\ XQGHU UDGLDWLRQ HQYLURQPHQW0DQ\
DVVHVVPHQWSURFHGXUHVXVHUHIHUHQFHWHPSHUDWXUHWRFKDUDFWHUL]HWKHIUDFWXUHWRXJKQHVV)RUH[DPSOHWKHUHIHUHQFH
QLOGXFWLOLW\WHPSHUDWXUHLVXVHGLQ$60(6HFWLRQ;,ZKLFKFDQEHHYDOXDWHGE\&KDUS\WHVW,Q$60(6HFWLRQ;,
,FK LV WKH ORZHU ERXQG IUDFWXUH WRXJKQHVV YDOXH DW WKH DVVHVVPHQW WHPSHUDWXUH DQG FDQ EH HYDOXDWHG IURP WKH
IROORZLQJHTXDWLRQ
 > @1'7,F 57H[S  TK   
:KHUHT LV WKH PHWDO WHPSHUDWXUH DW FUDFN WLS DQG
1'757 LV WKH UHIHUHQFH QLOGXFWLOLW\ WHPSHUDWXUH ZLWK WKH
HIIHFWVRIQHXWURQLUUDGLDWLRQ%RWKT DQG 1'757 DUHLQXQLWRIć ,FK LVLQ P03D ZLWKDQXSSHUVKHOIIUDFWXUH
WRXJKQHVVRI P03D 
7KHYHVVHOPDWHULDOWUDQVLWLRQWHPSHUDWXUHVFDQEHHYDOXDWHGDV
1'71'781'7 575757 ' M   
 ' VVUM   
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ZKHUH 1'7857 LVWKHUHIHUHQFHWHPSHUDWXUHIRUDUHDFWRUYHVVHOPDWHULDOLQWKHSUHVHUYLFHRUXQLUUDGLDWHGFRQGLWLRQ
HYDOXDWHGDFFRUGLQJWRWKHSURFHGXUHVLQWKH$60(&RGH1%>@M LVWKHPDUJLQWREHDGGHGWRDFFRXQWIRU
XQFHUWDLQWLHV LQ WKH YDOXHV RI 1'7857  FRSSHU DQG QLFNHO FRQWHQWV IOXHQFH DQG WKH FDOFXODWLRQ SURFHGXUHV
HYDOXDWHG ZLWK WKH VWDQGDUG GHYLDWLRQ 8V  IRU 1'7857 DQG 'V IRU 1'757'  1'757' LV WKH PHDQ YDOXH RI WKH
WUDQVLWLRQWHPSHUDWXUHVKLIWRUWKHFKDQJHLQ 1'757 GXHWRLUUDGLDWLRQ&)&LVWKHFKHPLVWU\IDFWRUZKLFKLVD
IXQFWLRQRIFRSSHUDQGQLFNHOFRQWHQWV f LVWKHEHVWHVWLPDWHQHXWURQIOXHQFHLQXQLWVRIQFP(! 0H9
DW WKH FODGEDVHPHWDO LQWHUIDFHRQ WKH LQVLGH VXUIDFHRI WKHYHVVHO DW WKH ORFDWLRQZKHUH WKHPDWHULDO LQTXHVWLRQ
UHFHLYHVWKHKLJKHVWIOXHQFHIRUWKHSHULRGRIVHUYLFHLQTXHVWLRQ 1'757 PXVWEHGHWHUPLQHGLQD376DQDO\VLVIRU
HDFKYHVVHOEHOWOLQHPDWHULDOXVLQJWKH(2/IOXHQFHIRUWKDWPDWHULDO
$FFRUGLQJWRWKH,$($JRRGSUDFWLFHJXLGDQFHWKHYHVVHO¶VPD[LPXPDOORZDEOHWUDQVLWLRQWHPSHUDWXUHV a1'757 
FDQ EH HYDOXDWHG E\ IROORZLQJ WKH SURFHGXUH VKRZQ LQ )LJ )RU HDFK LQGLYLGXDO DQDO\]HG 376 VHTXHQFH WKH
PDWHULDOEHKDYLRULQWHUPVRIDOORZDEOH6,)DQGWKHFUDFNORDGLQJSDWKLQWHUPVRI6,)DUHFRQVLGHUHGDVDIXQFWLRQ
RIWHPSHUDWXUHDQGVKRXOGEHSUHVHQWHGLQD6,)UHVSHFWLYHO\DOORZDEOH6,)YVWHPSHUDWXUHGLDJUDP
7KHUHIRUHLWLVFRQYHQLHQWIRUWDNLQJWKHSODFHRIIUDFWXUHWRXJKQHVVE\UHIHUHQFHWHPSHUDWXUHWRGHWHUPLQHWKH
VDIHW\PDUJLQ7KHGLIIHUHQFHEHWZHHQWKHPD[LPXPDOORZDEOHWUDQVLWLRQWHPSHUDWXUHRIWKHYHVVHODQGWKHYHVVHO
PDWHULDO¶VWUDQVLWLRQWHPSHUDWXUHGHWHUPLQHVWKHVDIHW\PDUJLQ PT' DV
1'7
D
1'7P 5757ǻ  T   
7KH YDOXH RI WKLV VDIHW\ PDUJLQ VKRXOG EH ODUJHU WKDQ RU HTXDO WR ]HUR GHSHQGLQJ RQ WKH QDWLRQDO UHJXODWRU\
UHTXLUHPHQWVDQGFRQVLGHULQJWKHUHOLDELOLW\RILQGLYLGXDOLQSXWGDWDVXFKDVPDWHULDOSURSHUWLHVDQGHIIHFWLYHQHVVRI
1'(


)LJ6FKHPHRIWKHDSSURDFKIRUHVWDEOLVKLQJWKHDOORZDEOHLQGH[LQJSDUDPHWHUIRUIUDFWXUHWRXJKQHVVRQWKHEDVLVRIDWKH
WDQJHQWSRLQWDQGEWKHRUPD[LPXP.,LQWHUVHFWLRQSRLQWEHWZHHQWKH.,&DQGFUDFNGULYLQJIRUFH.,FXUYHV
2.2. Probabilistic approach 
,QFRQWUDVWWRWKHGHWHUPLQLVWLFDQDO\VLVWKHSUREDELOLVWLFDSSURDFKWDNHVLQWRDFFRXQWWKHVFDWWHUDQGXQFHUWDLQWLHV
RIPDWHULDOSURSHUWLHV ORDGLQJFRQGLWLRQVDQGGHIHFWGLVWULEXWLRQLQDQDSSURSULDWHPDQQHU7KHUHE\LW LVDVVXPHG
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WKDW WKH TXDQWLWLHV HQWHULQJ D IDLOXUH FULWHULRQ DUH JLYHQ LQ WHUPV RI SUREDELOLW\ GLVWULEXWLRQV 7KHQ WKH IDLOXUH
SUREDELOLW\FDQEHFDOFXODWHGE\VRPHUHOLDELOLW\DQDO\VHVPHWKRGV
8VXDOO\ 0RQWH &DUOR VLPXODWLRQ LV XVHG WR FDOFXODWH WKH IDLOXUH SUREDELOLW\ EDVHG RQ SUREDELOLVWLF IUDFWXUH
PHFKDQLFV7KHFDOFXODWLRQSURFHVV LV VKRZQ LQ)LJ/)(0DQDO\VLV LVSHUIRUPHGE\VWHSSLQJ WKURXJKGLVFUHWH
WUDQVLHQWWLPHVWHSVWRH[DPLQHWKHWHPSRUDOUHODWLRQVKLSEHWZHHQWKH6,)DQGWKHIUDFWXUHLQLWLDWLRQWRXJKQHVV ,FK 
DWWKHFUDFNWLS)RUDVSHFLILHG376WUDQVLHQWWRWDON539WULDOVDUHVLPXODWHGZLWKFRQVLGHUDWLRQRIWKHXQFHUWDLQW\
LQPDWHULDODQGQHXWURQIOXHQFH(YHU\539WUDLOPD\FRQWDLQDQXPEHURIFUDFNV7KH6,)VKRXOGEHHYDOXDWHGIRU
WKH iWK 539 WULDO DQG jWK FUDFN DW WKH WUDQVLHQW WLPH VWHS Ĳ DQG GHQRWHG E\   jiK , W  )RU WKH FRPSDULVRQZLWK
GHWHUPLQLVWLFDQDO\VLVLWLVDVVXPHGWKDWWKHUHLVRQO\RQHFUDFNLQHYHU\539WULDO%XWWKHFUDFNVL]HLVGLIIHUHQWLQ
HYHU\539WULDO


)LJ6FKHPDWLFRIDQDVVHVVPHQWSURFHVVZLWKSUREDELOLVWLFDSSURDFK
,Q JHQHUDO WKH VWDWLVWLFDO GLVWULEXWLRQ RI IUDFWXUH WRXJKQHVV LV FRQVLGHUHG WR EH:HLEXOO GLVWULEXWLRQ >@ 7KH
IDLOXUHSUREDELOLW\XQGHUDJLYHQ6,)FDQEHREWDLQHGIURPLWVFXPXODWLYHGLVWULEXWLRQIXQFWLRQDVIROORZV
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:KHUH   1'757 ' WTT LQ&
7KHIDLOXUHSUREDELOLW\WKDWGHVFULEHGDVDERYHLQIDFW LVDFRQGLWLRQDOSUREDELOLW\XQGHUWKHFRQGLWLRQWKDWWKH
WUDQVLHQWRFFXUUHG7KHUHIRUHLWLVGHILQHGWKDW   icpi W LVWKHFRQGLWLRQDOSUREDELOLW\RILQLWLDWLRQDWWKHFUDFNWLSDW
WLPHW DQG      ^ `,F,3U KKcpi ii ! WW ,Q WKLVZRUN WKHIUHTXHQF\RI WKHWUDQVLHQW LVLJQRUHG7KHFRQGLWLRQDO
SUREDELOLW\RILQLWLDWLRQLVIRFXVHGLQWKHZRUN)RUWKLVWUDQVLHQWWKHPD[LPXPYDOXHRI   icpi W LVUHJDUGHGDVWKH
FRQGLWLRQDOSUREDELOLW\RILQLWLDWLRQRIWKHWUDQVLHQWZKLFKFDQEHZULWWHQDV
    ii cpiCPI WWPD[   
7KHQDPHDQRI&3,FDQEHREWDLQHGIURPWKHN539WULDOV
 ¦
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i
iCPICPI

P   
$QDO\VLV0RGHOV
3.1. RPV and Flaw Models 
7KHUHDFWRUYHVVHOFRQVLGHUHGLQWKLVDQDO\VLVLVDW\SLFDO3:5ZLWKDQLQQHUVXUIDFHUDGLXVRIPPDEDVH
PHWDO WKLFNQHVV RI PP DQG D FODGGLQJ WKLFNQHVV RI PP 7KH SRVWXODWHG FUDFN LV DQ D[LDO VHPLHOOLSWLFDO
VXUIDFHEUHDNLQJFUDFN)RUWKHGHWHUPLQLVWLFDQDO\VLVWKHFUDFNGHSWKLVFRQVLGHUHGWREHPPDQGWKHOHQJWKWR
EHPP7KHPDWHULDOSURSHUWLHVDUHDGRSWHGIURP,$($UHSRUW
3.2. PTS transient 
7KH VFHQDULRGHVFULEHV376 UHJLPH IRU D UHDFWRUSUHVVXUHYHVVHO RI WKH  ORRS W\SLFDO)UHQFK3:57KH376
VFHQDULR ZLWK UHSUHVVXUL]DWLRQ LV VHOHFWHG ZKLFK ZDV XVHG IRU 3526,5 EHQFKPDUN 7LPH YDULDWLRQV RI SULPDU\
SUHVVXUHpFRRODQWWHPSHUDWXUHTDQGFRQYHFWLYHKHDWWUDQVIHUFRHIILFLHQWhDUHGUDZQLQ)LJDQG
3.3. Random variables 
7KHPDLQLQSXWSDUDPHWHUVWDNHQLQWRDFFRXQWDVVWRFKDVWLFYDULDEOHVDUHWKHIODZVL]HWKHQHXWURQIOXHQFHWKH
FKHPLFDO HOHPHQW FRQWHQWV RI VWHHO ZKLFK LV UHOHYDQW WR PDWHULDO HPEULWWOHPHQW FRSSHU DQG QLFNHO WKH LQLWLDO
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UHIHUHQFH WUDQVLWLRQ WHPSHUDWXUH 1'7857  WKHPDWHULDO IUDFWXUH WRXJKQHVV ,FK 7KHVHSDUDPHWHUVFDQEH IRXQG LQ
7DEOH)URPWKHWHPSHUDWXUHSURILOHDQG 1'757 WKHIUDFWXUHWRXJKQHVV ,FK DWWKHWLSRIWKHFUDFNLVUHSUHVHQWHG
E\DQRUPDOGLVWULEXWLRQXVLQJWKHHTXDWLRQGHULYHGIURPWKHORZHUERXQGIUDFWXUHWRXJKQHVVLQ$60(


)LJ3ULPDU\SUHVVXUHDQGFRRODQWWHPSHUDWXUH


)LJ+HDWWUDQVIHUFRHIILFLHQW
7DEOH9DULDEOHVDQGGLVWULEXWLRQVXVHGLQ3)0DQDO\VLV
 'LVWULEXWLRQV $YHUDJH 6WDQGDUGGHYLDWLRQ
&UDFNGHSWKPP 1RUPDO  
1'7857 ć 1RUPDO  
&XZW 1RUPDO  
1LZW 1RUPDO  
)OXHQFHQFP 1RUPDO a RIDYHUDJH
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$QDO\VLV5HVXOWV
4.1. Temperature field 
7KHYDULDWLRQRIWHPSHUDWXUHWKURXJKWKH539ZDOOWKLFNQHVVDWGLIIHUHQWWLPHLVVKRZQLQ)LJ,WFDQEHVHHQ
WKDWWKHWHPSHUDWXUHGLIIHUHQFHWKURXJKWKLFNQHVVDWVDUULYHVDERXWćZKLFKZLOOFDXVHWKHUPDOVWUHVV


)LJ9DULDWLRQRIWHPSHUDWXUHWKURXJKWKH539ZDOOWKLFNQHVVDWĲ VDQGĲ V
4.2. Stress field 

)LJ9DULDWLRQRIKRRSVWUHVVWKURXJKWKH539ZDOOWKLFNQHVVDWĲ VDQGĲ V
7KHYDULDWLRQRIKRRSVWUHVVWKURXJKWKH539ZDOO WKLFNQHVVDWGLIIHUHQW WLPHLVVKRZQLQ)LJ$WV WKH
LQWHUQDOSUHVVXUH LV ORZDQG WKHVWUHVV LVPDLQO\FRPSRVHGRI WKHUPDOVWUHVV+RZHYHUDWV WKH WHPSHUDWXUH
GLIIHUHQFHLVORZDQGWKHVWUHVVLVPDLQO\FRPSRVHGRISULPDU\VWUHVVZLWKUHSUHVVXUH
4.3. Deterministic analysis 
7KHDYHUDJHYDOXHVRIWKHLQSXWSDUDPHWHUVDUHXVHGWRSHUIRUPGHWHUPLQLVWLFDQDO\VLV)RUWKHIUDFWXUHWRXJKQHVV
$60(ORZERXQGDU\LVFRQVLGHUHG7KH6,)DQGIUDFWXUHWRXJKQHVVZLWKWHPSHUDWXUHDUHVKRZQLQ)LJ,WFDQEH
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VHHQ WKDW WKH LQWHUVHFWLRQ SRLQW EHWZHHQ WKHK,& DQGK, FXUYHV LV ORFDWHG DW DERXW ćV 7KHPD[LPXP
DOORZDEOHWUDQVLWLRQWHPSHUDWXUHV a1'757 LVDERXWć
7KHYHVVHOPDWHULDOWUDQVLWLRQWHPSHUDWXUHVXQGHUGLIIHUHQWIOXHQFHFDQEHHYDOXDWHGIROORZLQJHTXDWLRQV7KH
UHVXOWVDUHVKRZQLQ7DEOH


)LJ6,)DQGIUDFWXUHWRXJKQHVVZLWKWHPSHUDWXUH
7DEOH7HPSHUDWXUHPDUJLQVć
)OXHQFH    
571'7    
ǻTP    



)LJ&RQGLWLRQDOSUREDELOLW\RIWKHWUDQVLHQWZLWKWLPH
4.4. Probabilistic analysis 
7KHIDLOXUHSUREDELOLW\XQGHUGLIIHUHQWIOXHQFHFDQEHHYDOXDWHGDVDERYH7KHUHVXOWVDUHVKRZQLQ7DEOH
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7DEOH)DLOXUHSUREDELOLW\XQGHUGLIIHUHQWIOXHQFH
)OXHQFH    
PI î î î î

$FFRUGLQJ WR WKHSUREDELOLVWLF DSSURDFK WKH IDLOXUHSUREDELOLW\ FDQEHFDOFXODWHGZLWK WKHVH UDQGRPYDULDEOHV
)RU WKH SDUDPHWHUV XVHG LQ GHWHUPLQLVWLF DQDO\VLV H[SHFW WKH IUDFWXUH WRXJKQHVV WKH IDLOXUH SUREDELOLW\ZLWK WLPH
 Wcpi LVVKRZQLQ)LJ7KHQ WKHFRQGLWLRQDOSUREDELOLW\RI LQLWLDWLRQRI WKH WUDQVLHQW LV WKHPD[LPXPYDOXHRI
î$IWHU539WUDLOVWKHPHDQRIFRQGLWLRQDOSUREDELOLW\FDQEHHYDOXDWHGDERXWî
4.5. Discussions 
)LJXUHVKRZVWKHUHODWLRQVKLSEHWZHHQWKHFRQGLWLRQDOSUREDELOLW\DQGWHPSHUDWXUHPDUJLQ,WFDQEHVHHQWKDW
WKHUHLVDOLQHDUFRUUHODWLRQEHWZHHQWKHFRQGLWLRQDOSUREDELOLW\DQGWHPSHUDWXUHPDUJLQLQVHPLORJFRRUGLQDWH
7KHUHIRUHLIWKHWHPSHUDWXUHPDUJLQLVFDOFXODWHGE\GHWHUPLQLVWLFDSSURDFKWKHFRQGLWLRQDOSUREDELOLW\FDQEH
REWDLQHGZLWKWKHOLQHDUFRUUHODWLRQ


)LJ7HPSHUDWXUHPDUJLQDQGFRQGLWLRQDOSUREDELOLW\
&RQFOXVLRQV
7ZR DSSURDFKHV IRU 539 LQWHJULW\ DQDO\VLV XQGHU 376 DUH LQWURGXFHG 7KH VDIHW\PDUJLQ EDVHG RQ UHIHUHQFH
WHPSHUDWXUH LV SURSRVHG DV D UHVXOW RI WKHGHWHUPLQLVWLF DSSURDFK0HDQZKLOH WKH FRQGLWLRQDOSUREDELOLW\ FDQEH
FDOFXODWHG E\ 0RQWH &DUOR PHWKRG ZLWK SUREDELOLVWLF DSSURDFK 7KHQ D FDVH VWXG\ LV SHUIRUPHG WR EXLOG D
UHODWLRQVKLS EHWZHHQ WKH FRQGLWLRQDO SUREDELOLW\ DQG WHPSHUDWXUHPDUJLQ 7KH UHVXOW VKRZV WKDW WKHUH LV D OLQHDU
FRUUHODWLRQ EHWZHHQ WKH FRQGLWLRQDO SUREDELOLW\ DQG WHPSHUDWXUH PDUJLQ LQ VHPLORJ FRRUGLQDWH 7KHUHIRUH LI WKH
WHPSHUDWXUHPDUJLQ LV FDOFXODWHG E\ GHWHUPLQLVWLF DSSURDFK WKH FRQGLWLRQDO SUREDELOLW\ FDQ EH REWDLQHGZLWK WKH
OLQHDUFRUUHODWLRQ,WLVVXJJHVWHGWKDWVHYHUDO376WUDQVLHQWVVKRXOGEHSHUIRUPHGWREXLOGDSUHFLVHUHODWLRQVKLSIRU
WKHHQJLQHHULQJDSSOLFDWLRQ
$FNQRZOHGJHPHQWV
7KHUHVHDUFKZRUNZDVVXSSRUWHGE\WKH=KHMLDQJ3XEOLF:HOIDUH7HFKQRORJ\$SSOLFDWLRQ5HVHDUFK3URMHFW1R
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